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Abstract 
The possibility of recovering the heat ejected with the exhaust air arising from the aerobic conversion of organic waste for 
feeding a micro organic Rankine cycle (ORC) was investigated. This heat was upgraded by the combustion of a given amount of 
solid recovered fuel (SRF). The exhaust air rate ejected by the aerobic process ranged from 40 to 95 kg/day per each tonne/day of 
waste processed and the temperature ranged, respectively, from 340 K to 330 K. Calculations refer to a typical aerobic treatment 
facility able to process 20,000 tonnes of organic waste per year. Maximum efficiency in the utilization of the heat produced by 
the combustion of SRF, ranging from 14 % to 22 %, was achieved for ORC operating at a compression ratio from 1.5 to 2.5 and 
exhaust air temperatures from about 340 to 350 K. Operating the ORC with compression ratios higher than 3.5 and exhaust air 
temperatures of about 510 K, the power output ranged from about 9 to 12 kW. In these conditions, for the size of the facility 
investigated, the efficiency of the utilization of the heat generated by the combustion of SRF  was from 4 % to 7 % higher than 
the ORC thermodynamic efficiency. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ATI NAZIONALE. 
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1. Introduction 
    Biological treatments are largely exploited in processing organic waste (OW) both for energy production and for 
biological reactivity reduction before its final recovery and/or disposal [1], [2], [3], [4], [5], [6], [7]. Anaerobic 
digestion (AD) from biodegradable substrate, in the presence of high humidity levels, is a suitable way to extract a 
biomethane rich gas exploitable as fuel for internal combustion engines and renewable energy production [8], [9], 
[10], [11], [12], [13], [14]. However, AD viability is influenced by several internal and external factors such as 
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facility size, waste composition and rate variation, and digestate management [11], [12], [15], making this solution 
not always sustainable, in particular in the field of waste management.  
 
Nomenclature 
C Fraction of oxidized organic matter   W Mechanical Power (kW)   
T Temperature difference (K, °C)    Compression ratio 
h Enthalpy (kJ/kg)        Efficiency (%) 
H Humidity (%w/w)     Effective to stoichiometric air ratio 
HUR Heat Utilization Ratio      Subscripts    
HUR Heat Utilization Ratio    AD Anaerobic Digestion  
m  Mass rate (kg/s)     ae Aerobic section  
NG Natural Gas     amb  Ambient     
OM Organic matter     c Condenser 
OW Organic waste     e Effective 
p Pressure (Pa)     ex Expansor    
Q Thermal Power (kW)    eg Electrical generator   
SRF Solid Recovered Fuel    in Inlet     
SRFUF Solid Recovered Fuel Utilization Factor  min Minimum    
t Time (day)     net Net     
T Temperature (K, °C)    p Pump   
TS Total Solids (%w/w)    pp Pinch point 
VS Volatile Solids (%TS)    t Time     
Conversely aerobic treatments are exploited to reduce the residual biological reactivity of OW before disposing it 
[16], [17], [18] or to produce organic fertilizer [19], [20], [21] depending on the OW quality [22]. Oxidation of the 
organic matter (OM) by aerobic bacteria [23] leads to the generation of about 17,000-18,000 kJ of heat per kg OM 
[24]. In the first 2-4 weeks of aerobic bioconversion, the initial high concentration of rapidly biodegradable OM 
leads to a high heat generation rate and consequently to a considerable increase in OW mass and process air 
temperature. Maximum temperatures achieved in full scale facilities range from 55°C to 75°C depending mainly on 
thermal loss, OW humidity, OM content and process air rate [25], [26]. In a previous study Di Maria et al. [26] 
evaluated the possibility of recovering this heat for domestic use by heat pumps. The main results showed that the 
process exhaust air temperature ranged from about 55°C to 70°C, depending mainly on the amount of OW treated 
and the process air rate. Further, for the scenario analyzed, the amount of heat recoverable daily by the process 
ranged from about 120 to about 350 kWh/tonne. Another possible solution for recovering this large amount of low 
temperature heat could be the exploitation of organic Rankine cycle (ORC) systems. The ORC uses the same 
components as used in conventional steam power plants, but uses an organic fluid to extract low-grade thermal 
energy to generate electricity. The ORC is commonly used in practical industrial applications such as biomass 
power [27], solar power [28], ocean thermal energy conversion, geothermal power [29], [30] and waste heat 
recovery power [31]. Bidini et al. [32] analyzed the exploitation of ORC in an integrated gas turbine-geothermal 
power plant for recovering low-grade heat ejected from gas turbine exhaust after geothermal fluid heating. Desideri 
and Di Maria [33] reported that the exploitation of ORC for recovering exhaust heat from a humid air turbine cycle 
can lead to an overall cycle efficiency increase from 1.6 to 2.2%. Wang et al. [34] analyzed the effect of different 
working fluids on ORC efficiency for engine waste heat recovery. Similarly Hung et al. [34] investigated the effect 
of different organic working fluids on ORC efficiency using heat generated by solar pond and ocean thermal energy. 
However, there is a lack of information on the possibility of exploiting ORC for electrical energy production from 
the heat produced during the bioconversion of OW. Considering the large amount of OW produced yearly in the 
EU27 (about 100,000,000 tonnes [36]), it could be an important renewable energy source. In this study the thermal 
efficiency of an ORC using the heat generated by the aerobic bioconversion of OW was theorically investigated by 
the aid of a numerical model. The heat arising from the aerobic treatment was supplemented by the combustion of a 
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given amount of solid recovered fuel (SRF) to improve the ORC performance. SRF is produced from residual 
municipal waste for energy purposes by combined mechanical and/or biological treatment mainly aimed at 
increasing the LHV (kJ/kg) of waste materials by reducing the humidity and concentration of other inert and 
polluting components  [25], [37]. Results of calculations were applied to a typical average size aerobic facility 
processing about 20,000 tonnes of organic waste per year. 
2. Materials and methods 
2.1 Aerobic treatment model 
One of the most diffused technologies adopted for the first 2-4 weeks of aerobic treatment is the use of concrete 
biocells (Fig. 1) operating in batch mode, in which the OW is processed. Usually the main process parameters such 
as temperature (T), humidity (H) and air rate are monitored and controlled inside the biocells. Once a large fraction 
of the initial rapidly biodegradable OM has been oxidized, causing a drop in heat generation and consequently in 
process temperature, a further aerobic treatment is performed by putting the material in an open heap. Thus, the 
emptied biocell can be reloaded with fresh OW for a new cycle. In any case the largest amount of heat is generated 
between the 5th and 20th days of treatment and is a relevant contribution to the total heat for feeding the ORC. On the 
basis of the OW composition [24], it is possible to assume an average molecular formula, Eq. (1), for the OM. 
                       4106 OHC                                                                  (1) 
 
The stoichiometry of the aerobic process is represented in Eq. (2) where the OM is oxidized generating mainly 
carbon dioxide, water and heat.  
 
                           kJOHCOOHCOOHC xx 6.578,256)(5.6)( 221410624106             (2) 
 
Referring to Eq. (2), it is possible to quantify the  coefficient, Eq. (3), defined as the ratio between the effective 
( )em and the stoichiometric ( )sm mass air rate (kg/s) supplied during the process. 
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The reaction kinetics [38] is represented by a first order equation, Eq. (4), where Ct represents the mass of oxidized 
OM related to the total amount (kg/kg) at time t (day). T (°C) is the process temperature. Values of other constants 
in Eq. (4) were according to Di Maria et al. [26]. 
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Thermal losses occurring during the aerobic process involve convection, internal transmission, and mass transfer 
phenomena and are represented by the following: 
1) Heat transfer by biocell walls; 
2) Heat exchanged with the process air; 
3) Heat absorbed by water evaporation, 
4) Heat exchanged by injected water (if any), 
5) Heat absorbed by the OW. 
The amount of heat generated during the aerobic process, Eq. (2), is equal to that exchanged with the external 
environment. The global heat exchanged during the aerobic process was evaluated from well known heat 
transmission relationships [26]. As previously demonstrated [24], [26], more than 80% of this heat is represented by 
phenomena 2) and 3). The functional unit exploited in the present study was 1 tonne per day of OW processed in the 
aerobic section (Fig. 1). To do  this, the aerobic process was simulated considering a mean aerobic facility size able 
to treat 20,000 tonnes of OW per year [12]. Successively the simulated results were referred to a single tonne of 
processed waste. The moisture content of the OW and the concentration of volatile solids (VS) were assumed to be 
62.7 %w/w and 81% on dry basis, respectively [12]. Furthermore, in accordance with Themelis and Kim [24] the 
OM concentration was assumed to be 80% of VS. The exhaust air temperature (T7) (Fig. 1) was calculated by 
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assuming a final temperature difference with the OW mass of 5 K [26]. The increase of T7 to the temperature at 
point 8 (Fig. 1) (T8) was achieved by the combustion of a given amount of SRF. Three different LHV values of SRF 
were assumed: 10,500 kJ/kg, 12,500 kJ/kg and 14,500 kJ/kg. 
 
Fig. 1. Scheme of an organic Rankine cycle (ORC) supplemented with aerobic/solid recovered fuel (SRF). 
 
2.2 ORC simulation model 
In accordance with Wang et al. (2012), on the basis of the temperatures achieved by the waste heat, R123 (Table 1) 
was chosen as the working fluid for the ORC. Figure 2 represents a possible T-s diagram of the ORC (Fig. 1) once 
the condenser temperature and evaporation pressure have been imposed. The mathematical model used for ORC 
simulation is represented by equations (5)-(8). The power absorbed by the pump (Wp) was evaluated according to 
Eq. (5) (Fig. 2), whereas the heat supplied to the working fluid, including pre-heating and evaporation (Qin), was 
calculated using Eq. (6). In both equations m is the mass rate (kg/s) of the working fluid evolving in the cycle that 
depends on the h4-h2 difference and on the amount of heat effectively transferred into the cycle. 
 
                                                        
p
s
p
hhmhhmW )()( 1212
  (kW)                                             (5) 
                                                                     )( 24 hhmQin   (kW)     (6) 
 
During the expansion, from point 4 to point 5 (Fig. 2), the power generated (Wex) depends on m , on evaporator 
pressure and condenser pressure, Eq. (7). 
 
                                                    exsex hhmhhmW )()( 5454    (kW)                                       (7) 
 
The heat ejected at the condenser (Qc) is represented by Eq. (8). 
 
                                                                 )( 15 hhmQc    (kW)     (8) 
 
Only global efficiencies of pump ( p) and expander ( ex) (Table 1) were considered in the calculations, whereas heat 
losses and pressure drops occurring in ORC pipes and heat exchangers were disregarded [34]. The efficiency of the 
electrical energy generator ( eg) (Table 1) was assumed to be 90%. In accordance with Wang et al. [39], the 
minimum temperature difference between the heating fluid and T3 ( Tpp) (Fig. 2) was assumed to be 10 K, whereas 
the temperature at the ORC condenser (Tc), considering an ambient temperature (Tamb) of 293 K, was assumed to be 
298 K. Furthermore, a minimum value of the T9-T2 ( T9,2,min) difference was imposed (Table 1). 
All the calculations were made with respect to 1 tonne per day of OW processed in the aerobic treatment section 
(Fig. 1) as the functional unit. The performances of the proposed cycle were evaluated by the following figures: 
1) ORC net electrical efficiency ( net) Eq. (9), representing the ratio between the net electrical energy 
produced by the ORC and the amount of heat entering the cycle Qin Eg. (6).   
2) The heat utilization ratio (HUR) Eq. (10), representing the ratio between Qae+QSRF and Qin. Qae is the heat 
extractable from the exhaust air arising from the aerobic section by cooling it from T7 to Tamb, whereas QSRF 
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is the heat supplied by the combustion of SRF. This figure allows  the efficiency in transferring the amount 
of available heat generated both by the aerobic section and the combustion of SRF to the ORC to be 
evaluated. If HUR is 1 this means that all the heat available is transferred to the ORC. 
3) The SRF heat utilization factor (SRFUF) Eq. (11), expressing the ratio between the electrical energy 
produced by the ORC and QSRF. This figure allows the efficiency in exploiting the heat produced by the 
SRF combustion to be evaluated. 
 
Table 1. ORC cycle and main features of the working fluid. 
ORC features 
Parameter Value Unit 
p 80 % 
ex 55 % 
eg 90 % 
Tpp 10 K 
c 298 K 
Tamb 293 K 
T9,2,min 8 K 
Working fluid R123 
Molecular mass 152.93 g/mol 
Boiling point 300.97 K 
Critical pressure 3.662 MPa 
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Four different  values of 5, 7, 9 and 11 were assumed for evaluating its effect on the aerobic treatment air rate em  
and exhaust temperature T7 (Fig. 3). For each  ORC performances were investigated for different pressure ratios 
( among the pump outlet (p2) and condenser (p1), Eq. (12), and for different T8>T7 values.  
3. Results and discussion 
   An anaerobic facility able to process 20,000 tonnes of OW per year with a biological process of about 4 weeks  
consisted of 9 biocells (Fig. 1) working in batch mode. This means that every 3-4 days one of the 9 biocells is 
sequentially unloaded and successively reloaded with fresh OW. In this way the waste remains in each biocell for 
about 27-28 days. On the basis of Eq. (2)-(4), for each biocell, it was possible to calculate the stoichiometric air rate, 
the effective air rate along with the exhaust flow temperature for each  value (Fig. 3). The air rate supplied to the 
mass of OW increases until achieving a maximum value around the 5-7th day depending on  after which it 
decreases constantly till day 28. Similarly the OW temperature increases during the first 8-15 days and then remains 
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quite constant until the end of the process. Jokela et al. [40] found temperature levels in the aerobic treatment of 
pulp and paper mill sludge ranging from 325 up to 345 K. Yang et al. [41] reported a temperature of about 333 K 
during composting of animal fodder. Similar temperatures values were also reported by Vuorinen and Saharinen 
[42] during co-treatment of straw and manure. As expected a higher  caused a higher air rate, but lower 
temperatures (Fig. 3a). 
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Fig. 2. Example of a T-s diagram for the organic Rankine cycle (ORC) and of the heat exchange process. 
 
Combining the daily air rate and temperature evolution for each biocell and for each  (Fig. 3b), it is possible to 
calculate the mean air rate and respective temperature arising from the aerobic section (i.e point 7 in Fig. 1). Results 
show that the mean temperature ranged from about 331 to 339 K depending on the  value (Fig. 3b). Similarly a 
mean air rate for each tonne of OW processed ranged from about 39 to 94 kg/tonne/day. 
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Fig. 3. Effective air rate and temperature for different  vs time for 1 (a) and 9 (b) biocells. 
 
Under the assumption made (Table 1) and given the available thermal supply, the ORC net depended only on  
(Fig. 4). For  ranging from 1.5 to 7, net ranged from about 2 to 8.5%. For ORC exploiting R123 as working fluid, 
Wang et al. [33] reported a thermal efficiency ranging from about 9 to 10% with an evaporator and condenser 
temperature, respectively, of 406 K and 320 K and a  of 8. Similar values were obtained with the ORC-R123 
system using ocean thermal energy conversion and operating at condenser and evaporator temperatures of 278 K 
and 313 K, respectively [35]. At a fixed condenser temperature of 318 K and an evaporation temperature of 80°C, 
the ORC-R123 system achieved thermal efficiencies of about 6-6.5% [31]. In these cases the compression ratio 
ranged from about 3 to 8. In the present study the maximum level achievable for  was limited due to the 
temperature of the exhaust air arising from the aerobic treatment section (Fig. 1). An excessive increase in the 
compression ratio could have prevented any contribution of the heat generated from the aerobic section to the global 
heat recovered.  This aspect is also shown by the SRFUF evolution for different  and T8 values (Fig. 4a-d). In fact 
for lower T8 values, as  increased, T3 + Tpp was higher than T8. This means that no heat recovery was possible and 
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consequently the SRFUF curve was interrupted (Fig. 4a-d). The lower is , and consequently the higher is T7, the 
higher is the achievable . The maximum efficiency in SRF exploitation was achieved for and T8=340K (Fig. 
4a) and was about 22%. For a given compression ratio, as T8 rises, SRFUF decreases as a consequence of less heat 
arising from the aerobic section with respect to that supplied by the biogas. For T8 higher than 335-340 K, 
depending on the  value,  values > 2.5 can lead to a SRFUF < net. This is the consequence of the interaction of 
different phenomena. Firstly, for a given T8, the higher is  the higher is T9 and hence the lesser is the amount of 
heat transferred to the ORC; as the h4-h2 rises with , a reduction of the ORC mass flow m is obtained, increasing 
the compression ratio. Furthermore, as can be seen in Figures 5a-d, the increase of net was more important for 
compression ratios increasing from 1.5 to 2 than for  increasing from 2.5 to 7. As a consequence the reduced mass 
rate evolving in the ORC system when  went from 1.5 to 2 was balanced by the net increase leading to a higher 
power output of ORC. When  increased over 2.5, the consequent increase in net was no longer able to compensate 
for the further R123 mass rate reduction, causing a definitive reduction in ORC power output and consequently in 
SRFUF. The phenomenon is clearly demonstrated also by the HUR trend reported in Figure 6. For lower values of 
T8, the higher was  the higher was HUR. If T8 was higher than 360 K, the increase in  has a lower, and in some 
cases negligible effect on HUR increase. This is a consequence of the lower incidence that the value assumed by T9, 
as a consequence of increase in , has on the maximum heat transmittable to the ORC. For T8 < 350K, HUR rose 
rapidly as  increased, achieving values up to 60, whereas for higher T8 values the HUR ranged from about 1 to 2 
depending on the value.  
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Fig. 4. SRFUF and net vs for =5 (a), =7 (b), =9 (c), =11 (d) and for different T8 values. 
 
This means that greater heat exploitation was obtained for higher T8 but in the same conditions a low SRFUF value 
was obtained. Otherwise the best system performances in terms of SRFUF and HUR were achieved for lower values 
of , ranging from 1.5 to 2, even if low power output was expected as a consequence of the limited m evolving in 
the ORC. For the same reason, higher  and T8 reduced SRFUF, but allowed higher power output values. On the 
basis of the results obtained, the most efficient energetic exploitation of the heat was achieved for  = 5 (Fig. 4a). In 
fact, when operating at  ranging from 1.5 to 2.5 and T8 ranging from 340 K to 348 K, the SRFUF was from 1.5 to 
10 times higher than net. Appling these results to the heat ejected from a typical mean size aerobic treatment facility 
of 20,000 tonnes/year [12], the maximum ORC power output ranges from about 0.36 to 0.6 kW (Fig. 6). The 
amount of SRF necessary for upgrading the exhaust air heat ranged from 3 to 20 tonnes per year depending on LHV 
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and T8. Anyway interesting benefits of the proposed system can also be achieved for  = 5 with  > 3.5 and T8 of 
about 510 K (Fig. 4a). In fact in these conditions SRFUF was from 4% to 7% higher than net. This means that 
supplementing the heat ejected by the aerobic process with that produced by SRF combustion leads to positive 
synergic effects. In this case the ORC power output ranged from about 9 kW to 12 kW with SRFUF ranging from 6 
% to 8.8 %. Considering the power output and that the amount of SRF used ranged from about 260 to 360 
tonnes/year, such SRFUF for electrical energy production appears quite interesting.  Despite the low power levels 
produced by the proposed system, several factors indicate that micro-ORC power systems have high potential for 
diffusion. Among these factors is the need for power systems in remote and isolated areas; the need for sustainable 
power for economic growth in developing countries; the need to generate clean electricity through renewable energy 
sources; the increase in energy efficiency of production systems and the deregulation and privatization of electrical 
generation sector worldwide [43].  
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Fig. 5. HUR vs for =5 (a), =7 (b), =9 (c), =11 (d) and for different T8 values. 
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Fig. 6. Electrical power of the organic Rankine cycle (ORC) and the amount of solid recovered fuel (SRF) used vs 
T8 for different values.  
 
One of the main problems affecting micro-ORC diffusion is the low efficiency of the expander. Badr et al. [44], [45] 
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assessed several types of power-production machines for low power generation including turbine and positive 
displacement units from which screw and Wankel-type expanders showed good prospects. Nguyen et al. [46] built 
and tested a prototype of low temperature ORC using n-Pentane as working fluid and a radial flow turbine as 
expander. Operating at an evaporating temperature of 354 K and a condenser temperature of 311 K, the net power 
output was about 1.5 kW with an efficiency of 4.3%. Another promising technology for low grade ORC expander is 
scroll systems able to generate a power output less than 500 W with efficiency greater than 60% [47]. In these 
conditions the ORC efficiency ranged from 7 to 12%. Schuster et al. [48] reported a list of small power ORC 
manufacturers proposing systems starting from 4 kW. Yamamoto et al. [49] reported experimental tests concerning 
the power output of a radial expander and the cycle efficiency of an ORC operating with R-123 fluid for 
compression ratios ranging from 1.5 to 5. Results showed values of about 550 W for the expander and 2 % to 11%, 
respectively for compression ratios of 1.5 and 5, for the cycle efficiency. Considering these data, the system 
analyzed also seems a promising solution for improving energetic efficiency and environmental sustainability by 
recovering the low-grade heat ejected from organic waste aerobic treatment facilities and other similar applications. 
4. Conclusion 
The micro organic Rankine cycle (ORC) appears to be a suitable solution for recovering energy from the low-grade 
heat ejected with the exhaust air arising from the aerobic treatment of organic waste. This low-grade heat can be 
upgraded by the combustion of a limited amount of solid recovered fuel (SRF), increasing the power output of the 
system. The best energetic utilization of SRF was achieved for ORC operating at lower compression ratios and 
exhaust air temperatures, even if power output was quite limited. Increasing both the ORC compression ratio and 
exhaust air temperature can lead to a significant increase in the system output but with lower SRF energetic 
utilization efficiency. Nevertheless, even the lower SRF energetic utilization remains higher than the 
thermodynamic efficiency of the ORC in the operating conditions considered. Consequently the integrated exhaust 
air and SRF heat supply system for feeding a micro-ORC shows interesting features for all the operating conditions 
examined. 
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